Abstract-We propose and analyze new finger assignment techniques that are applicable for RAKE receivers in the soft handover (SHO) region. Specifically, extending the results for the case of two-base station (BS), we consider the multi-BS situation, attack the statistics of several correlated generalized selection combining (GSC) stages, and provide closed-form expressions for the statistics of the output signal-to-noise ratio (SNR). By investigating the tradeoff among the error performance, the average number of required path estimations/comparisons, and the SHO overhead, we show through numerical examples that the new schemes offer commensurate performance in comparison with more complicated GSC-based diversity systems while requiring a smaller estimation load and SHO overhead.
I. INTRODUCTION
T HE RAKE receiver can effectively increase the reliability of wideband systems such as wideband code division multiple access (WCDMA) by coherently combining multiple resolvable paths. However, due to the hardware and battery life time constraints, the mobile unit needs to judiciously select a subset of paths for the RAKE reception in order to achieve the required performance with the lowest possible complexity/processing-power consumption. Many papers looked at this finger assignment problem. For example, in [1] a general CDMA downlink receiver with arbitrary as well as suboptimal finger placement schemes was analyzed by providing a chip level minimum mean square error solution and in [2] interference and finger delay problems were investigated. Finger selection algorithms for ultra-wideband systems can also be found in [3] , [4] . In addition, many low-complexity diversity combining schemes, such as generalized selection combining (GSC), have been proposed and studied over the last decade [5] - [7] .
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H. stations (BSs) and do not take into consideration the network overhead (known as a soft handover (SHO) overhead). As such, these schemes may result in a significant increase in SHO overhead especially when used in the SHO region. Recently, by considering macroscopic diversity techniques, the authors proposed and analyzed the performance of a new finger assignment scheme that maintains a low complexity and reduces the SHO overhead [8] . The main idea behind [8] is that, in the SHO region whenever the received signal is of unsatisfactory quality, the receiver scans the additional resolvable paths from the target BS and selects the strongest paths among the total available paths from both the serving and the target BSs. However, the study in [8] was limited to two BSs (one serving and one target BSs).
In this letter, we generalize the results of [8] to the multi-BS situation. We propose two assignment schemes, namely the full scanning scheme and the sequential scanning scheme. For the full scanning scheme, whenever the GSC output signal-tonoise ratio (SNR) of the paths from the serving BS is below a certain pre-determined threshold (known as the target SNR), the RAKE receiver scans all available paths from all target BSs. On the other hand, for the sequential scanning scheme, the RAKE receiver sequentially scans the target BSs until the combined SNR is satisfactory or all target BSs are scanned.
The main contribution of this letter is to provide an analytical framework deriving the statistics of the receiver output SNR of our proposed schemes, including the cumulative distribution function (CDF), probability density function (PDF), and moment generating function (MGF) of the output SNR. In our derivations, we specifically tackle the statistics of the output SNR which is the sum of correlated GSC output. These results are then used first to analyze the performance in terms of the average probability of error and then to investigate the tradeoff between complexity and performance by quantifying the average number of path estimations, the average number of SNR comparisons, and the SHO overhead versus the target SNR. To simplify our analysis and make it tractable, we assume that the receiver operates over a "perfect" uniform average power delay profile provided by a multi-path searcher in a way that the multi-path components are correctly assigned to the RAKE fingers.
II. SYSTEM MODEL

A. Channel and System Model
Let γ j denote the instantaneous received SNR of the jth resolvable path, number of available BSs in the SHO region. Note that in the SHO region the mobile unit is at roughly the same distance from the serving and the target BSs and, therefore, the average signal strength on a path from BSs is assumed to be nearly the same. As such, we assume that the received signals on the resolvable paths from the serving and the target BSs experience independent and identically distributed (i.i.d.) Rayleigh fading 1 . Thus, the faded SNR, γ j , follows the same exponential distribution with the common average faded SNR, γ.
We assume that the RAKE receiver has L c fingers and, in the SHO region, depending on the channel conditions only L c paths among L (k) paths are used for RAKE reception where [7] for terminology), then the total received SNR is given by Γ Lc:L (k) .
B. Mode of Operation
For convenience, let L 1 be the number of resolvable paths from the serving BS and L 2 , L 3 , · · · , L N be those from the target BSs. Without loss of generality, we assume that at first the receiver relies only on L 1 resolvable paths and as such starts with L c /L 1 -GSC. In the SHO region, the receiver compares the received SNR, Γ Lc:L1 , with a certain target SNR, denoted by γ T . If Γ Lc:L1 is greater than or equal to γ T , a oneway SHO is used and no finger reassignment is needed. On the other hand, whenever Γ Lc:L1 falls below γ T , a multi-way SHO is attempted. More specifically, we consider two different finger assignment schemes described below 2 .
1) Case I -Full Scanning:
In this case, when Γ Lc:L1 < γ T , the RAKE at once scans all possible L (N ) resolvable paths from N BSs and reassigns its L c fingers to the L c strongest paths among the L (N ) available resolvable paths (i.e., the RAKE receiver uses L c /L (N ) -GSC). Hence, the final combined SNR, denoted by γ F ull , is mathematically given by
2) Case II -Sequential Scanning: In this case, when Γ Lc:L1 < γ T , the RAKE receiver estimates L 2 paths from the first target BS which is randomly chosen and uses L c /L (2) -GSC. The receiver then checks whether the combined SNR, Γ Lc:L (2) , is above γ T or not. By sequentially adding the remaining target BSs, this process is repeated until either the combined SNR, Γ Lc:L (k) , is above γ T or all L (N ) paths are examined. Based on this mode of operation, we can see that the final combined SNR, denoted by γ Seq , is mathematically given by
Note that with the sequential scanning scheme, the receiver checks the paths from another BS only if the output SNR from the currently scanned BSs is below the threshold while with the full scanning scheme, the receiver always checks all paths from all available BSs. Hence, we can expect that the sequential scanning scheme will lead to a reduction in complexity at the cost of performance gain. We will quantify this tradeoff later on.
III. STATISTICS OF COMBINED SNR
Although the mode of operations presented in the previous section describe schemes that essentially switche among L c /L (k) -GSC stages depending on the channel conditions and the output threshold, we can not obtain the statistics of γ F ull and γ Seq directly from that of the output SNR with conventional GSC. Hence, in this section, we rely on some recently derived order statistics results [8] to derive the statistics of the combined SNRs of γ F ull and γ Seq .
A. Case I -Full Scanning
Comparing (1) and [8, Eq. (3)], we can see that the results in [8] can be directly used. The key difference is that L and L + L a in [8] have to be replaced here by L 1 and L (N ) , respectively.
B. Case II -Sequential Scanning
If we let L t be the number of total resolvable paths examined for the finger assignment, then applying the total probability theorem, we can write the CDF of combined SNR, γ Seq , as
Note that based on the mode of operation of this scheme, L (k) (k < N) paths are examined if and only if the GSCcombined SNR of the first L (k−1) paths is less than γ T but the combined SNR of the first L (k) paths is greater than or equal to γ T . In addition, if the combined SNR of
-GSC is used. Hence, we can rewrite (3) as
By using the derivations in [8, Appendix] and some manipulations, we can obtain the CDF and the PDF of γ Seq as
respectively, where 
IV. PERFORMANCE ANALYSIS
A. Average BER Comparison
We examine the average bit error rate (BER) by using the well-known MGF-based approach [10, Sec. 9. figure, it is clear that the higher the threshold, the better the performance, as one expects. As a check, we can see that when the threshold is too large (i.e., γ T = 15 dB) or too small (i.e., γ T = −5 dB), both schemes have almost the same performance corresponding to the performance of L c /L (N ) -GSC for the high threshold and L c /L 1 -GSC for the low threshold. For the mid-range of the output threshold (i.e., γ T = 5 dB), the full scanning scheme has slightly better performance than the sequential scanning scheme. However, with this slight (negligible) performance loss, the sequential scanning scheme can save the usage of the network resources compared to the full scanning scheme since it can dramatically reduce the unnecessary path estimations, SNR comparisons, and the SHO overhead as we show in what follows.
B. Average Number of Path Estimations 1) Case I -Full Scanning:
In this case, the RAKE receiver estimates L 1 paths in the case of Γ Lc:L1 ≥ γ T or L (N ) in the case of Γ Lc:L1 < γ T . Hence, we can easily quantify the average number of path estimations, denoted by E F ull , as (8) which reduces to
2) Case II -Sequential Scanning: In this scheme, we can write the average number of path estimations, denoted by E Seq , in the following summation form:
where π l is the probability that L (l) paths are estimated. Based on the mode of operation described previously, we have
By an approach similar to the one used in order to get (5), the joint probability in (11) can be obtained as
where
After successive substitutions from (13) to (10), we can express the average number of path estimations, E Seq , as and L (N ) estimations, respectively. From this figure, we can clearly see that the sequential scanning scheme leads to considerably less path estimations. For a better illustration of the tradeoff between complexity and performance, Fig. 3 shows the average BER of BPSK versus the output threshold, γ T , of the proposed schemes, MRC, and GSC for the same parameters. As mentioned earlier, the full scanning scheme shows a very slight performance improvement and the error rate of both proposed schemes decreases to that of L c /L (N ) -GSC when the output threshold increases. Considering Figs. 2 and 3 together, we observe that the proposed schemes can save a certain amount of estimation load with a slight performance loss compared to GSC if the transmitted power is properly selected such as, for example, the average received SNR is 6∼8 dB below the required target threshold for our chosen set of parameters.
C. Average Number of SNR Comparisons
Noting that the average number of SNR comparisons for i/j-GSC, denoted by C GSC(i,j) , can be obtained as
we can express the average number of SNR comparisons for the full scanning scheme and the sequential scanning scheme as and
respectively, where π l is defined in (11) . and the reduction offered by the sequential scanning scheme is bigger than the one given by the full scanning scheme, when γ T is for example between 0 and 10 dB.
D. SHO Overhead
The SHO overhead, denoted by β, is commonly used to quantify the SHO activity in a network and is defined as [11, Eq. (9. 2)]
where L c (≤ N ) is the number of fingers (i.e., the number of active BSs) and P n is the average probability that the mobile unit uses n-way SHO. Note that basically a maximum L c -way SHO is possible and we need to determine which BSs the combined L c paths are from. Unfortunately, it seems difficult to analyze the SHO overhead in a simple fashion. The major difficulty lies in how to determine how many BSs end up eventually being involved in the SHO (i.e., the number n in n-way SHO) after the HO is requested. For this reason, we just present some numerical results obtained through Monte-Carlo simulations.
In overhead, respectively, while maintaining the same error rate as GSC (which requires around 1.43 SHO overhead).
